The Ervedosa Mine, in north-eastern Portugal, has Sn-bearing quartz veins containing cassiterite and sulphides that cut Silurian schists and a Sn-bearing muscovite granite. These veins were mined for Sn and As 2 O 3 until 1969. Cassiterite, the main Sn ore, has alternate lighter and darker growth-zones. The darker zones are richer in Fe, Nb, Ta and Ti, but poorer in Sn than the adjoining lighter zones. Exsolution blebs of ferrocolumbite, manganocolumbite, Ti ixiolite, rutile, ilmenite and rare wolframite were found in the darker zones. Arsenopyrite is the most abundant sulphide and contains inclusions of pyrrhotite, bismuth, bismuthinite and matildite. Other sulphides are pyrite, sphalerite, chalcopyrite and stannite. Secondary solid phases consisting mainly of hydrate sulphate complexes of Al, Fe, Ca and Mg (aluminocopiapite, copiapite, halotrichite, pickeringite, gypsum and alunogen, meta-alunogen) occur at the surface of the Sn-bearing quartz veins and their wall rocks (granite and schist), while oxides, hydroxides, arsenates and residual mineral phases (albite, muscovite and quartz) occur in mining tailings. Toxic acid mine waters (acid mine drainage AMD), which have high conductivity and significant concentrations of As, SO 4 and metal (Cu, Zn, Pb, Fe, Mn, Cd, Ni and Co), occur in an area directly affected by the mine. Surface stream waters outside this area have low conductivity and a pH that is almost neutral. Metal and As concentrations are also lower. Stream waters within the impact area have an intermediate composition, falling between that of the AMD and the natural stream waters outside impact area. Waters associated directly with mineralised veins must not be used for human consumption or agriculture.
Introduction
A major environmental issue associated with mining and mine waste is the release of As and heavy metals into the environment, often due to the unsatisfactory disposal of rock waste. When water infiltrates the rock waste, oxidation of sulphide minerals (especially pyrite) and their subsequent dissolution can result in acid mine water. Studies concerning acid mine drainage (AMD) are increasing throughout the world, including those in many abandoned mines in Portugal (Antunes et al., 2002; Oliveira et al., 2002; Á vila, 2002; Valente, 2004) . Elevated levels of As, greater than that allowed by current drinking-water regulations, in ground and surface water can be the result of purely natural phenomena; however, they are often due to anthropogenic activities such as mining and agriculture (Bednar et al., 2004) . Effluents from abandoned mine workings typically consist of acid mine drainage, eroded material from mine tailings and waste from ore processing operations.
Secondary minerals in efflorescent crusts on the surface of the waste pile or in the vein walls impinge on and attenuate the migration of As and metals from high-sulphide wastes (Gieré et al., 2003; Petrunic and Al, 2005) . Secondary minerals play an important role in the natural retention of oxyanions ðH 2 AsO À 4 Þ and divalent cations (Cu, Zn and Pb), because some of these elements are captured by sorption and precipitation (Lee et al., 2005) . Newly formed secondary minerals from AMD have been considered to play an important role in attenuating trace metals (Bigham et al., 1996; Webster et al., 1998; Valente, 2004) .
The Ervedosa mine (also known as the Tuela mine), exploited in the past by the Phoenicians and the Romans, was in intermittent operation from 1928 to 1969; however, there has been no mining in the area since then. The last exploitation was underground, which continued upward into two large open pits; alluvial placers were also exploited. The tailings and rock waste contain concentrations of metals and were deposited on the ground and are at present partially covered by natural vegetation. Exposure of these materials to air and water produces acidic water from galleries and tailings, which facilitate the release of contaminants to aquatic ecosystems.
The aim of this study was to analyse the mineralogical control on acid mine drainage with respect to primary and secondary minerals and metal mobility. Water from mining galleries is compared with natural stream waters from inside and outside the mined area, using data collected over a period of one year.
Geological setting and mineral paragenesis of the Ervedosa mine
The Ervedosa Mine in north-eastern Portugal is in the schistose domain of the Galiza-Trás-os-Montes Zone of the Iberian Terrane. Here at Ervedosa, muscovite-biotite and muscovite granites intruded the Silurian phyllites and quartzites and Carboniferous biotite granitoids (Fig. 1b) . A medium-grained porphyritic muscovite-biotite granite, a medium to fine-grained muscovite-biotite granite, and a fine to medium-grained muscovite granite define a sequence of in situ fractional crystallization (Gomes and Neiva, 2002) . These granites yield a whole-rock Rb-Sr isochron of 327 ± 9 Ma (Gomes and Neiva, 2002) . The Sn-bearing quartz veins intrude the Silurian metasediments (425 Ma, Beetsma, 1995) and the muscovite granite (Fig. 1b) . The mineralization is associated with the muscovite granite and was probably derived from the late stages of fractional crystallization of the granite suite because magmatic fractionation was responsible for the increase in Sn contents of granites and their micas (Gomes and Neiva, 2002) .
Tin-bearing quartz veins are hosted in fractures that are related to the movements along a dextral N30°W-trending ductile shear zone (Fig. 1b) . Cassiterite and sulphides are more common in N70°E-trending, dominantly sub-vertical quartz veins of <0.2 m in thickness, and sometimes in N55°E-70°S-striking quartz veins which are 0.2-0.8 m thick, whose lengths reach a 100 m. Subhedral to euhedral cassiterites in quartz veins are generally less than 10 mm across and are locally cut by fractures filled with radial muscovite, quartz and arsenopyrite, chalcopyrite and stannite. Crystals of cassiterite are also locally found in round masses with a diameter of less than 10 cm.
Three faulting hypogenic stages have been identified in these Sn-bearing quartz veins (Gomes and Neiva, 2001) . A later stage is characterised by supergene phases -Fe oxides, U oxides, covellite and arsenates, observed in fine veins related to new fracture post-tectonic Hercynian faults. Barren quartz veins later cut into Sn-bearing veins. Very thin barren quartz veins, the so-called veinlets, cut the mineralised quartz veins and barren quartz veins.
Methodology and analytical techniques
Detailed studies of samples collected from outcrops in the mine and from boreholes included transmitted and reflected-light microscopy. These studies were carried out in order to establish the primary mineralogy and the paragenetic sequence (Gomes and Neiva, 2001) .
The ore minerals were analysed on a Cámeca Camebax electron microprobe at INETI (ex. Instituto Geológico e Mineiro) S. Mamede de Infesta, Portugal. Analyses were conducted at an accelerating voltage of 15 kV and a beam current of 20 nA. Standards used include cassiterite (Sn La), MnTiO 3 (Mn Ka and Ti Ka), Fe 2 O 3 (Fe Ka), sphalerite (Zn Ka and S ka), pyrite (Fe Ka), galena (Pb Ma), AsGa (As Ka), Cr 2 O 3 (Cr Ka), Ta (La), Nb (La), W (La), Cd (La), Bi (Ma), Sb (La), Cu (Ka) and Ag (La).
Identification of secondary minerals was performed by X-ray diffraction (XRD) using a Philips Diffractometer PW 1840 operating at 40 kV and 25 mA at the University of Trás-os-Montes and (c) Simplified topographical map with water sampling points. 1 -silurian pelitic metasedimentary rocks, 2 -silurian quartzites, 3 -medium to coarse-grained porphyritic biotite-muscovite granitoids, 4 -medium-grained slightly porphyritic muscovite-biotite granite, 5 -fine-to medium-grained muscovite granite, 6 -alluvium, 7 -quartz veins, 8 -abandoned Ervedosa Sn mines, 9 -exploitation limit, 10 -drainage lines, 11 -access routes, 12 -topography , 13 -samples number.
Alto Douro (UTAD) in Portugal. Randomly oriented specimens were continuously scanned in the range 2-80°, 2h at a rate of 2°/min, using Cu Ka radiation (k = 1.5419 Å ). Scanning Electron Microscope (SEM) instruments at UTAD at Vila Real and the University of Minho at Braga (Portugal) were used to investigate secondary minerals resulting from the oxidation of sulphide minerals, and to obtain backscattered electron images.
The exploitation area and the location of water samples are shown in Fig. 1c . AMD-contaminated surface water sampling points were located directly in abandoned mine workings, intermediate waters affected by mine workings or tailings drainage and natural stream water samples were collected outside these areas (Fig. 1c) . Water was collected 6 times a year, every two months starting in February 2002. Some leachates are ephemeral, active only after rainfall episodes (November). Portable instruments were used to measure pH, conductivity and temperatures in the field. The water was filtered, acidified and kept at 4°C. The laboratory analyses were performed at the Department of Earth Sciences, University of Coimbra (Portugal). Sulphate was analysed by gravimetry (APHA, 1995; Vetter et al., 1995) . Sodium, K, Ca and Mg were determined by spectrometry (Perkin-Elmer 303 flame atomic absorption), while for Fe, Cd, As, Ni, Mn, Cu, Pb, Zn and Co a coupled graphite furnace was used.
Results and discussion

Geochemistry of primary minerals
As mentioned above, the last exploitation of the Ervadosa mine was underground, and continued upward into two large open pits (Fig. 2a) . The lenticular shaped Sn-bearing quartz veins (Fig. 2b) , which are sometimes highly deformed, contain cassiterite and rare stannite associated with sulphides whose mineralogical and geochemical characteristics were described by Gomes and Neiva (2001) .
Crystals of cassiterite exhibit narrow and parallel, alternating lighter and darker growth-zones. In general the darker zones are strongly pleochroic (e -red, x -colorless) and have higher Ta, Nb, Fe and Ti and lower Sn contents than the lighter zones, which are nearly pure SnO 2 (Fig. 2c , Table 1 ). Exsolution products, commonly columbite ranging from ferrocolumbite to manganocolumbite and ixiolite ranging from titanian ixiolite, W P Ti -ixiolite and rarely niobian rutile, ilmenite and wolframite were mainly found in the darker zones of cassiterite (Fig. 2c , Table 1 ). Stannite rarely occurs with quartz and chalcopyrite in veinlets cutting cassiterite and arsenopyrite. The last sulphide mineral formed is stannite with the composition Cu 1.9 (Fe 1.0 Zn 0.1 )SnS 4 .
Other minerals are silicates (quartz and muscovite), sulphides, sulphosalts and oxides. The representative chemical compositions of sulphides and sulphosalts are given in Table 2 . Arsenopyrite (FeAsS) is the most abundant sulphide mineral (Fig. 2d) . It has inclusions of pyrrhotite (Fe 0.9 S 1.0 ), native Bi, bismuthinite (Bi 2 S 3 ) and matildite (AgBiS 2 ). Arsenopyrite is replaced by pyrite (FeS 2 ), chalcopyrite (CuFeS 2 ), sphalerite (ZnS) and stannite (Fig. 2d) . In general, the latest anhedral arsenopyrite has relatively higher Fe content than the earliest euhedral to subhedral arsenopyrite. Later sphalerite is poorer in Fe than the earlier sphalerite. Matildite contains some additional Fe and Pb replacing Ag.
Mineralogy of secondary sulphate salts
The soluble sulphate salts are usually found as botryoidal efflorescences in variable colours (white, greenish blue, pale green and yellow) suggesting a paragenetic sequence of sulphates with distinct solubilities and degrees of dehydration (Sánchez Españ a et al., 2005) (Figs. 2e and f). Secondary phases are rarely found as monomineralic phases in the schist and granite walls of Ervedosa (Figs. 2e and f), which are in close contact with Sn-bearing quartz veins as well as in some mineralized veins; these generally consist of mixtures of Ca, Al, Fe and Mg hydrated sulphates such as pickeringite, copiapite, halotrichite, alunogen, gypsum (Fig. 3) . On the other hand, oxides, hydroxides, arsenates and residual mineral phases (albite, muscovite and quartz) occur in the mine tailings.
In the efflorescent crusts at the surface of the waste pile, As co-precipitates with the Fe(III) sulphate, copiapite; Zn and Cu are primarily incorporated into Fe(II) sulphates, and Pb is mainly co-precipitated with minerals of the jarosite group. Co-precipitation of toxic elements with sulphates and sulfarsenates of Fe is shown to be a significant mechanism in controlling the concentration of heavy metals in pore solutions of high-sulfide mine wastes (Gieré et al., 2003) . The pathways of FeS 2 oxidation may be controlled either chemically or organically by microorganisms. The kind of sulphate mineral formed is a function of solution composition and local conditions, e.g. humidity, acidity and redox potential. The evolution of mineral composition of the sulphate efflorescences, during storage in the presence of caulinite generate halotrichite, which appears in the earlier stage of weathering and is then replaced by alunogen (Parafiniuk and Stepisiewicz, 1999) . Kaolinite absorbs water, and is an indispensable agent in each oxidation mechanism (Parafiniuk and Stepisiewicz, 2000) .
Oxidation processes operate most intensively in Ervedosa specimens which contain kaolinite impurities. Copiapite commonly appears on the surface of granitic rocks due to kaolinite clays which form very fine, granular, pale yellow encrustations. SEM images of copiapite display characteristic euhedral, flaky or platy forms (Fig. 3a) , intergrown into rosette or bunch aggregates of aluminocopiapite (Fig. 3b) . Halotrichite and pickeringite are the most frequently found minerals in the studied paragenesis. They form assemblages composed of hair-like or acicular, white or colourless transparent crystals up to a few mm long (Figs. 3c and e) . Usually, the longer crystals grow perpendicular to the sulphide surface. Some crystals form tufted aggregates. Gypsum is also frequent in acicular crystals or in prismatic or fibrous fine-grained forms (Fig. 3d) . Alunogen forms efflorescences of white, fibrous crystals on the sulphide specimens (Fig. 3f) . Currently, alunogen is one of the main weathering products replacing halotrichite. Alunogen and metalunogen are commonly associated with muscovite granite with pyrite and in contact with black shades and Sn-bearing quartz veins.
Geochemistry of waters
With the aim of obtaining reference background data for stream waters outside the impact area of the mine, samples of natural stream water were collected at 6 points and analysed (Table 3) . Three sampling points for AMD were located in drainage galleries and another 6 sampling points were located inside the impact area (Table 3) . A classification based on pH and metal concentrations was proposed by Ficklin et al. (1992) , considering that Zn, Cu, Cd, Ni, Co and Pb are the major heavy metals found in mine drainage samples (Fig. 4) . The Ervedosa acid mine drainage is mainly acid/high metal, while the natural stream water outside the mine is mainly near-neutral/low metal. The higher SO 4 and metal concentrations are usually found in the acid leachates from the galleries and waste piles (samples 6, 7 and 8), which indicate oxidation and subsequent dissolution of pyrite and the accompanying sulphides (chalcopyrite, sphalerite, arsenopyrite and pyrrothite). In general, these AMD compositions indicate concentrations of totally dissolved solids (SO 4 and metals) that are within the ranges reported for sulphides hosting mineralisation Plumlee et al., 1992; Petrunic and Al, 2005; Sánchez Españ a et al., 2005) . The correlations between trace metals are poor and do not show any significant trend. The poor correlation between As and Fe and Mn was also found by Antunes et al. (2002) . Nordstrom and Ball (1985) distinguish two types of behaviour of ions in acid mine drainage, depending on dissolution characteristics: non-conservative ions (e.g. As), which are rapidly eliminated during transport, and conservative ions (e.g. SO 4 ) that are stable in solution and are the last to be adsorbed or precipitated. In the diagrams, all samples inside the mine's area of influence, including the samples collected in major flow rate areas (samples 12, 13, 14, 15 from Tuela River), show SO 4 positive correlation for metals (Fe + Cu + Zn) and Electrical Conductivity (EC) versus negative correlation for pH (Fig. 5) . Samples from the Tuela River show SO 4 contamination due to ion conservative behaviour. Toxic heavy metals show similar behavior to SO 4 , so the concentrations of these elements may be decreased by dilution.
AMD is controlled by the leaching process involving mineralised veins with sulphides. The hydrochemical features in the Ervedosa area appear to be dominated by the oxidation of Fe-bearing sulphide minerals (pyrite, pyrrhotite, arsenopyrite, chalcopyrite and sphalerite) producing H + , SO 2À 4 and metals (Me) in solution (aq), as in the following reactions proposed by Cidu et al. (1997) :
aq þ H 2 O There is a clear chemical distinction between granitic rock water drainage outside the mine impact area, the water inside this area, and the AMD-generated in the mine site. Superficial water outside the impact area has a pH close to neutral, low electrical conductivity and low ionic charge, while the drainage inside the mine's influence has progressively different characteristics. The water at the mining site is toxic and affected by AMD (pH 3.1-5.9), with high conductivity (130-1007 lS/cm) and significant As (3-430 lg/L) and metal concentrations (Cu = 235-3429 lg/L, Zn = 266-10390 lg/L, Fe = 42.2-45040 lg/L, Ni = 12.5-192 lg/L and Co = 6.1-396 lg/L), while in the surface granitic water outside the mine's influence (except anomalous sample 03-Nov) the pH measured is close to neutral (pH 5.5-7), with low conductivity (28-95 lS/cm) and As (0.3-3.5 lg/L) and metal concentrations are lower (Cu = 6.5-178 lg/L, Zn = 69.8-425 lg/L, Fe = 18-446 lg/L, Ni = 2.5-52 lg/L and Co = 0-3 lg/L).
The seasonal variations in AMD compositions are generally registered because, in dry periods, pH is lower and EC, SO 4 and, in consequence, metal concentration (Fe, Mn, Cu, Zn, Pb and Cd) are higher (Table 3 and Fig. 6 ). Dilution decreases metal concentration and EC, and increases pH, during winter.
Conclusions
Cassiterite is the main Sn ore at the Ervedosa Sn mine and it shows oscillatory zoning. Its geochemistry shows that darker zones are richer in Fe, Nb, Ta, Ti and poorer in Sn than the lighter zones. Exsolution blebs of ferrocolumbite, manganocolumbite, titanian ixiolite, rutile, ilmenite and rare wolframite were found in the darker zones. Arsenopyrite is the most abundant sulphide and contains inclusions of pyrrhotite, bismuth, bismuthinite and matildite. Other sulphides are pyrite, sphalerite, chalcopyrite and stannite. Some mineralised veins and schist and granite wallrocks are in close contact with Sn-bearing quartz veins, secondarily consisting of mixtures of Ca, Al, Fe and Mg hydrated sulphates such as pickeringite, copiapite, halotrichite, alunogen, gypsum. On the other hand, oxides, hydroxides, arsenates and residual major mineral phases (albite, muscovite and quartz) occur in mine tailings.
The Ervedosa acid mine drainage is mainly acid/ high metal, while the natural stream waters outside its impact area are mainly near-neutral/low metal and the drainage inside this area has intermediate characteristics. Sulphate is a conservative ion and shows positive correlation with metals (Fe + Cu + Zn) and EC, and a negative correlation with pH. All AMD samples inside the mine impact area, including the samples collected in major flow rate zones, show SO 4 contamination. Surface water outside the mine influence has pH close to neutral, low EC (28-95 lS/cm) and low ionic charge. The waters drained by galleries and tailings are toxic and affected by AMD (pH = 3.1-5.9), with high conductivity (130-1007 lS/cm) and significant As Waters associated directly with mineralised drainage veins must not be used for human consumption and agriculture. The concentrations of Fe, Zn, Cu, Cd are generally greater than those allowed by current drinking-water regulations and sometimes above values recommended for agriculture (EU Council Directive 75/440/EEC of 16 June 1975 and Portuguese law, 1998, Decree No. 236/98 , concerning the quality required of surface water intended for the abstraction of drinking water and agricultural activities).
